Porous Co 3 O 4 spheres with bimodal pore distribution (size: 2-3 nm and ~ 30 nm) were prepared by ultrasonic spray pyrolysis of aqueous droplets containing Co-acetate and polyethylene glycol (PEG), while dense Co 3 O 4 secondary particles with monomodal pore distribution (size: 2-3 nm) were prepared from the spray solution without PEG. The formation of mesopores (~ 30 nm) was attributed to the decomposition of PEG. The responses of a porous Co 3 O 4 sensor to various indoor air pollutants such as 5 ppm C 2 H 5 OH, xylene, toluene, benzene, and HCHO at 200°C were found to be significantly higher than those of a commercial sensor using Co 3 O 4 and dense Co 3 O 4 secondary particles. Enhanced gas response of porous Co 3 O 4 sensor was attributed to high surface area and the effective diffusion of analyte gas through mesopores (~ 30 nm). Highly sensitive porous Co 3 O 4 sensor can be used to monitor various indoor air pollutants.
Introduction
n oxide semiconductor gas sensor detects a small quantity of explosive gases, environmental gases, toxic gases, etc. based on changes in resistance upon the reaction between the surface of sensing materials and analyte gases. 1) Gas sensing materials that have been researched include n-type oxide semiconductors such as SnO 2 , 2) ZnO, 3) In 2 O 3 , 4) TiO 2 ,
5)
etc. When oxygen adsorbs on the surface of an n-type oxide semiconductor and receives electrons near the surface, an electron depletion layer is formed with the sensor resistance increasing. When there are reducing gases in the atmosphere, the reaction between reducing gas and negatively charged adsorbed oxygen causes electrons to flow into an ntype oxide semiconductor, which decreasesthe sensor resistance. In contrast, the p-type oxide semiconductor gas sensor forms a hole accumulation layer on the surface when negatively charged oxygen is absorbed. Upon reaction between reducing gases and absorbed oxygen on the surface, electrons are discharged and recombined with the positive hole. As a result, the hole concentration near the surface decreases and the sensor resistance increases.
6)
Recently, p-type oxide semiconductors including NiO,
7)
CuO, 9) and Co 3 O 4 9,10) have been considered as gas sensors, but their low level of gas response limits the sensors applications. However, p-type oxide semiconductors feature the outstanding catalytic activity to various gases, and thus it is possible to measure gases that are difficult to be measured by means of an n-type oxide semiconductor.
11)
Thus, designing p-type oxide semiconductor gas sensors of outstanding gas response is of great importance. For a semiconductor gas sensor to achieve a high level of gas response and high response rates, nano structures that facilitate gas diffusion and involve large specific surface areas are advantageous such as nanowire networks, 12) hollow spheres, 4) and hierarchical structures.
3,4,10,13)
The ultrasonic spray pyrolysis is a process that facilitates forming spherical secondary particles through thermal decomposition of droplets in source solution. Upon adding carbon precursors that can be removed at high temperature, it is possible to prepare spherical secondary porous particles. In this study, spherical particles of porous Co 3 O 4 with high specific surface areas are formed by means of ultrasonic spray pyrolysis, which is a method for highly sensitive detection to detect various pollutants in indoor environments.
Experimental Procedure

Co 3 O 4 Composition
To compose porous Co 3 O 4 spheres, 1.77 g of (CH 3 CO 2 ) 2 Co (99.99 5 %, Sigma-Aldrich Co., Ltd., USA) and 1 g of PEG (Polyethylene glycol, average molecular weight: 8000, Sigma-Aldrich Co., Ltd., USA) were dissolved and mixed in 500 ml of distilled water. A supersonic generator was utilized to generate droplets in source solution, and thermal decomposition was induced in a reaction furnace set to 700 o C by means of a carrier gas (air, 40 L/min) in order to form a spherical precursor containing Co. The precursor was collected through a powder trap, which were converted into porous Co 
Analysis
To analyze shapes of particles, a scanning electron fieldemission microscope (FE-SEM, S-4300 Hitachi Co., Ltd., Japan) was utilized. For the phase analysis, an X-ray diffraction analyzer (XRD, Rigaku Model/MAX-2500, Source: CuKα) was used, and for the analysis of the specific surface area and pore distribution, Brunauer-Emmett-Teller method (BET, Tristar 3000, Micrometrics Co. Ltd., USA) was utilized.
Sensor Element Production and Measurement
The Co 3 O 4 sensing materials were mixed with distilled water to be of a slurry formation, and the sensor elements were produced after being coated on alumina substrates where Au electrodes were patterned. The sensor elements were heat-treated for 2 h at 350 o C by means of the heater installed at the back in order to remove residual water and stabilize them. The gas-sensing characteristics were then measured. The gas flow rate was fixed to 200 cm 3 /min, and then the gas-sensing characteristics of six gases-5 ppm of C 2 H 5 OH, CO, p-xylene, toluene, benzene, and HCHO-were examined at 200, 250, and 300 o C.
Results and Discussion
Shapes and Images of Composed Nano Particles
As for C-Co 3 O 4 , it was observed that primary particles as small as about 50 nm were agglomerated ( Fig. 1(a), (b) ). As for NP-Co 3 O 4 , secondary particles that were distorted and as small as 300-500 nm were observed. As spherical droplets passed through the high-temperature reaction furnace, the precursor of hollow spheres was formed. As it went through thermal treatment at higher temperature, the spherical form was damaged ( Fig. 1(c), (d) ). As for PEGCo 3 O 4 particles, the size was similar to that of NP-Co 3 O 4 , but the spherical form remained even after it passed through the high-temperature reaction furnace, which indicates that PEG elements functioned to maintain the spherical shape ( Fig. 1(e), (f) ). Yu et al. 14) produced fluorescent substances in the Pechini method by adding PEGs (molecular weight: 10,000), and the thermal analysis result shows that PEGs were decomposed at 358 and 378°C. Although spray pyrolysis temperature was 700°C in the present study, the reaction time at high temperature was relatively very short (< 3 s). Thus PEGs remained until the end of the spray pyrolysis, which maintained spherical shape. The XRD analysis shows that the three types of particles were in the spinel phase of Co 3 O 4 (Fig. 2) . Based on the Scherrer's equation, the primary particle sizes of C-Co 3 O 4 , NP-Co 3 O 4 , and PEG-Co 3 O 4 were determined to be 43.1 nm ± 4.3 nm, 37.9 nm ± 3.0 nm, and 37.4 nm ± 4.0 nm respectively.
Analysis of Specific Surface
Areas and Pore Distribution To examine the pore distribution and specific surface area of each type of particles, the BET analysis was conducted (Fig. 3) . The specific surface area of C-Co 3 O 4 was 14.8 m 2 /g, but the pore volume (size: 1 to 100 nm) is very small. The specific surface area of NP-Co 3 O 4 particles was 24.9 m 2 /g, which is larger than that of commercial particles. In addition, micro pores as small as 2-3 nm accounted for the large portion. As for PEG-Co 3 O 4 particles, the specific surface area was 37.9 m 2 /g, which is the largest. This was of a bimodal pore distribution where not only micro pores as small as 2 -3 nm but also mesopores as small as 30 nm coexisted. 30 nm pores were observed in PEG-Co 3 O 4 unlike NP-Co 3 O 4 , which can be explained by the pore generation upon the thermal decomposition of PEG elements at the end of the process while droplets with PEGs went through atomizing thermal decomposition.
Gas-sensing Characteristics Evaluation
When each Co 3 O 4 sensor was exposed to 5 ppm of C 2 H 5 OH at 200 o C, changes in sensor resistance were as shown in Fig. 4 . When the three types of sensors-C-Co 3 O 4 , NP-Co 3 O 4 , and PEG-Co 3 O 4 -were exposed to C 2 H 5 OH, sensor resistance increased. Upon exposing to air, resistance decreased because of the gas-sensing characteristics of the p-type oxide semiconductor. Thus, the gas response was defined as R g /R a (R g : resistance upon exposing to gases; R a : resistance in the air). The gas responses of the three Co (Fig 6(b) ). The response to 0.5 ppm of C 2 H 5 OH was as high as about 18.4. A linear regression analysis was conducted with R g / R a > 1.2 as the basic criterion for gas detection. The detection limit of C 2 H 5 OH was as low as 10 ppb (Fig. 6(b) ). This indicates that PEG-Co 3 O 4 sensors can detect even a quite small quantity of C 2 H 5 OH.
As for difference in the gas responses of the three sensors, the key paramters are the specific surface area, pore size / volume distribution, and primary particle sizes. A hole accumulation layer near the surface of particles is responsible for chemiresistive reaction when a p-type oxide semiconductor reacted to gases. Thus, small primary particles are advantageous when it comes to high gas response. According to Scherrer's equation for the size of primary particles, the response of PEG-Co 3 O 4 / NP-Co 3 O 4 sensors was superior to that of C-Co 3 O 4 sensors. However, PEG-Co 3 O 4 and NPCo 3 O 4 sensors, which were of a similar primary particle size, showed a significantly different level of gas response. This indicates that there are other deciding factors of gas response. It is reported that the size and distribution of pores within the gas-sensing film are closely related to the diffusion of analyte gases, and that the gas diffusion is one of the deciding factors of gas response. 15) For instance, when the sensing film is quite thick and the size of pores is very small, only small quantity of analyte gases can diffuse to the bottom of the film near electrodes, which decreases the gas response as a result. In addition, the size of pores affects the gas spreading mechanism significantly. When the collisions between gas molecules become more important than collisions between gas molecules and pore walls, normal diffusion occurs. In contrast, mesopores whose pore size is as small as 2 to 50 nm involve Knudsen diffusion mainly upon collisions between gas molecules and pore walls. Knudsen diffusion constant (D k ) is known to be proportional to the size of pores for the same gas and at a constant temperature. 16) In other words, as the size of pores increases, gas diffusion is facilitated up to the point that the analyte gas effectively reaches all the way deep into the sensing film where there are electrodes. As a result, the gas response is enhanced. As for highly agglomerated C-Co 3 O 4 particles, there are few pores among particles, and gas diffusion is minimized and the specific surface area is quite small. Therefore, the gas response is relatively low. As for NP-Co 3 O 4 , the specific surface area is relatively low, but the pores are as fine as 2-3 nm. Thus, the Knudsen diffusion coefficient is low and the analyte gas can hardly diffuse into the sensing film, which makes the gas response low. As for PEG-Co 3 O 4 , there are mesopores as big as 30 nm in addition to those as small as 2 -3 nm. According to the Knudsen diffusion coefficient proportional to the size of pores, the gas diffusion in PEG-Co 3 O 4 can be 10 times better than that in NP-Co 3 O 4 . As PEGs are removed by thermal treatment, pores as big as 30 nm are generated, and these pores facilitate gas diffusion. In addition, as the specific surface area increases, gas response is improved drastically as well. The responses to CO, p-xylene, toluene, benzene, and HCHO were measured at 200 o C. The responses of PEGCo 3 O 4 sensor to all gases were substantially higher than that of C-Co 3 O 4 and NP-Co 3 O 4 sensors. In particular, the response to C 2 H 5 OH (R g /R a : 116.9), p-xylene (R g /R a : 82.3), toluene(R g /R a : 61), and HCHO (R g /R a : 80.5) significantly increased (Fig. 7) .
Major pollutants of indoor environments include volatile organic compounds such as xylene, toluene, benzene, HCHO, C 2 H 5 OH, etc. While it is important to detect each environmental gas properly, it would be also quite advantageous if five different environmental pollutant gases can be measured with a similar level of response because only one sensor would be necessary to monitor the extent of indoor contamination.
There have been a lot of researches on n-type oxide semiconductor gas sensors. SnO 2 , TiO 2 , In 2 O 3 , Fe 2 O 3 , and WO 3 demonstrate a high response to C 2 H 5 OH. In contrast, their responses to other gases such as xylene, toluene, and benzene are so low that they are utilized mainly as alcohol sensors.
11) Co 3 O 4 used in this study is a well-known catalyst to oxidize xylene and toluene. [17] [18] [19] This is consistent with the fact that the porous Co 3 O 4 sensor in this study shows a relatively high level of responses to xylene, toluene, and benzene. Therefore, when porous Co 3 O 4 (whose response to xylene, toluene, and benzene is outstanding) is used, it will be easier to measure the five major indoor pollutants with a single sensor. 
